Records of stable oxygen isotope ratios in tree rings are valuable tools to reconstruct past climatic 15 conditions and the response of trees to those conditions. So far the use of stable oxygen isotope 16 signatures of tree rings has not been systematically evaluated in dynamic global vegetation 17 models (DGVMs). DGVMs integrate many hydrological and physiological processes and their 18 application could improve proxy-model comparisons and the interpretation of oxygen isotope 19 records. Here we present an approach to simulate leaf water and stem cellulose δ 18 O of trees 20 using the LPX-Bern DGVM (LPX-Bern). Our results lie within a few per mil of measured tree 21 ring δ 18 O of thirty-one different forest stands mainly located in Europe. Temporal means over the 22 ground water (Hoffmann et al., 1998 ), water vapor (Werner et al., 2011, and ice core δ 18 O data 56 (e.g. Risi et al., 2010) . Because none of these models describes δ 18 O in stem cellulose, a direct 57 model-data comparison is not yet possible for tree rings and global scale models. So far process 58 models describing the transfer of isotopic signals from soil water and water vapor to leaf water, 59 and finally stem cellulose, were applied for single sites only (Roden et al., 2000; Ogée et al. 2009; 60 Kahmen et al., 2011; Treydte et al., 2014 ). Yet, the implementation of such an approach in large-61 scale global land biosphere models is missing. A large-scale approach would have the advantage 62 that many hydrological and physiological processes could be integrated and large spatial and 63 temporal patterns could be explored. Furthermore the importance of individual factors such as 64 rising atmospheric CO 2 could easily be examined. 65 The goals of this study are (i) to describe the implementation of the stable water isotope fluxes 66 and pools in the LPX-Bern DGVM, including δ 18 O in stem cellulose for direct model-proxy 67 comparison, (ii) to estimate the large-scale spatial distribution of δ 18 O in leaf water and stem 68 cellulose, (iii) to quantify the drivers of spatio-temporal trends and variability of stem cellulose 69 δ 18 O in the model context and to assist in the interpretation of tree ring δ 18 O data, and (iv) to 70 assess the model performance for large-scale spatial gradients, multi-decadal trends, and inter-71 annual variability with a focus on extra-tropical forests. We compiled time-averaged tree ring 72 δ 18 O data from thirty-one boreal and temperate forest sites to capture spatial variability and use 73 five tree-ring-δ 18 O records from Switzerland to detail local temporal variability. Soil water and 74 water vapor δ 18 O results from transient simulations with the model ECHAM5-JSBACH (Haese et 75 al., 2013) over the past 50 years are used as oxygen isotope input data (i.e. isotope forcing). 76 Factorial experiments at the site scale are performed to identify drivers of decadal trends and 77
last five decades as well as inter-annual variations for a subset of sites in Switzerland are 23 captured. A sensitivity analysis reveals that relative humidity, temperature, and the water isotope 24 boundary conditions have the largest influence on simulated stem cellulose δ 18 O, followed by all 25 climatic factors combined, whereas increasing atmospheric CO 2 and nitrogen deposition exert no 26 impact. We conclude that simulations with LPX-Bern are useful to investigate large-scale oxygen 27 isotope patterns of tree-ring cellulose, to elucidate the importance of different environmental 28 factors on isotope variations and therefore help to reduce uncertainties in the interpretation of 29 (Fleitmann et al., 2004; McDermott, 2004) , corals (Dunbar et al., 1994) , ocean sediments 37 (Shackleton and Obdyke, 1973; Elderfield and Ganssen, 2000) , and tree rings (Libby et al., 1976; 38 Treydte et al., 2006) as well as in modern precipitation samples (Rozanski et al., 1992 (Hoffmann et al., 2003) . Model results are evaluated 54 against stable isotope ratios in precipitation (Joussaume et al., 1984) , snow (Jouzel et al., 1987) , 55 begins to condense and falls as precipitation. Water vapor molecules containing 18 O condense 85 more readily and rain is enriched in 18 O compared to its vapor source. As the air continues to 86 move pole-ward into colder regions (temperature effect) or further inland (continental effect) the 87 remaining moisture in the air as well as the water that condenses and precipitates become 88 increasingly more 18 O depleted. This is reflected in the spatial distribution of oxygen isotope 89 ratios in soil water and water vapor. The δ 18 O of surface soil water reflects the δ 18 O signal of 90 precipitation averaged over a certain amount of time and is further modified by evaporation of 91 soil water leading to evaporative enrichment and potentially by mixing with ground water. 92
Plants take up water which carries this precipitation or soil water δ 18 O signature. During transport 93 from roots to leaves isotope ratios are not modified (Wershaw et al., 1966) . In the leaves, water 94 becomes enriched in 18 O relative to source water as a result of transpiration (Dongmann et al., 95 1974) . The enrichment at the site of evaporation (the stomata) is primarily driven by the ratio of 96 the vapor pressure outside versus inside the leaf. Source water (i.e. soil water) that enters the leaf 97 via the transpirational stream, mixes with the 18 O-enriched water and dilutes the leaf water δ 18 O 98 signal (a Péclet effect, Barbour et al., 2004) . This Péclet effect tends to reduce the signal of 99 evaporative enrichment in bulk leaf water (i.e. whole leaf water) and the effect is large when 100 transpiration rates are high. Sucrose formed in the leaves is thought to be 27‰ enriched in 18 O 101 compared to leaf water due to fractionation during the exchange of oxygen between carbonyl 102 groups in organic molecule and water (Sternberg et al., 1986) . Sugars are then transported down 103 the trunk where partial exchange with xylem water occurs before tree-ring cellulose is formed 104 (Roden et al., 2000; Gessler et al., 2014) . Based on isotope theory, oxygen isotope ratios in tree 105 rings serve as proxy data for relative humidity and reflect the signature of soil water (McCarroll 106 and Loader, 2004 (Miller et al., 2006) , or leaf-to-air vapor pressure differences (Kahmen et al., 2011). 115 Regarding tree rings, δ 18 O in stem cellulose has been described with mechanistic models to 116 characterize the transfer of δ 18 O signals from soil water to stem cellulose (Roden et al., 2000; 117 Cernusak et al., 2005; Barbour, 2007; Gessler et al., 2009 , Ogée et al. 2009 ). A formulation of 118 leaf water enrichment at the site of evaporation (i.e. the stomata) based on the model by Craig and 119 Gordon (1965) is common to all models, but additional processes related to δ 18 O signals in leaf 120 water and stem cellulose are resolved at varying degrees of complexity. Some models include 121 boundary layer considerations (Flanagan et al., 1991) or the Péclet effects that reduce leaf water 122 enrichment (Barbour et al., 2004; Farquhar and Gan, 2003) . Others account for variations in 123 isotopic exchange of oxygen with xylem water (Barbour and Farquhar, 2000) , or weight diurnal 124 variations in leaf water enrichment by photosynthetic rates (Cernusak et al., 2005) . Here, we use a 125 rather general approach with a single Péclet effect and constant isotopic exchange with xylem 126 water, as we aim to simulate stem cellulose across a large range of different species and as we 127 lack detailed species-specific information, e.g. on water flow and the Péclet effect. On the other 128 hand, we move a step forward in that we integrate a mechanistic model for stem cellulose δ 18 O 129 al., 2004; Wania et al., 2009 ), and features a daily time step for photosynthesis and 142 evapotranspiration. The soil hydrology scheme is similar to a concurrent LPX version (Murray et 143 al., 2011; Prentice et al., 2011) . There are ten plant functional types (PFTs) that have distinct 144 bioclimatic limits and differ in their physiological traits such as minimum canopy conductance 145 (Sitch et al., 2003) (Table S2 in Ruosch et al., 2016) . The distribution of fine roots in the soil 146 profile is also PFT-specific and leads to competition for water. Light competition is modeled 147 indirectly by assigning a higher mortality to PFTs with a small increment in fractional plant cover 148 and biomass compared to PFTs with a large increment (Sitch et al., 2003) . Daily 149 evapotranspiration is calculated for each PFT as the minimum of a plant-and soil-limited supply 150 function (E supply ) and the demand for transpiration (E demand ). E supply is the product of root-weighted 151 soil moisture availability and a maximum water supply rate that is equal for all PFTs (Sitch et al., 152 2003 ). E demand is calculated following Monteith's (Monteith, 1995) empirical relation between 153 evaporation efficiency and surface conductance, 154
where E eq is the equilibrium evaporation rate, g m and α m are empirical parameters that are equal 155 for all plant functional types, g c the canopy conductance, and ! the fraction of present foliage 156 area to ground area (i.e. projected leaf area). Equation (1) is solved for E demand using the non-157 water-stressed potential canopy conductance as calculated by the photosynthesis routine for a 158 fixed ratio λ between the CO 2 mole fraction in the stomatal cavity and the ambient air. λ is set 159 equal to 0.8 following Sitch et al. (2003) to approximate non-water-stressed conditions and as a 160 starting value for the iterative computation of carbon assimilation and transpiration. In case of 161 water-stressed conditions when E demand exceeds E supply, canopy conductance and photosynthesis 162 are jointly and consistently down-regulated; E demand is set to E supply and Equation 1 is solved for 163
Photosynthesis is modeled following Collatz et al. (1991; , which is based on the Canopy conductance, g c , is linked to daytime assimilation, A dt , through 171
where g min is a PFT specific minimum canopy conductance and c a is the ambient mole fraction of 172 CO 2 and λ the ratio between the CO 2 mole fraction in the stomatal cavity and the ambient air. The 173 equations for water supply and demand, assimilation, and canopy conductance are solved 174 simultaneously by varying λ to yield self-consistent values for λ, g c , assimilation and 175 transpiration. 176
Leaf water and stem cellulose δ 18 O model 177
To calculate δ 18 O in leaf water we use the Péclet modified Craig-Gordon (PMCG) model as 178 described e.g. in Farquhar & Lloyd (1993) . 179
The evaporative enrichment of leaf water above the plant's source water at the site of evaporation 180 (Δ 18 O e ), is based on the Craig-Gordon formulation (Craig and Gordon, 1965; Dongmann et al., 181 1974 ) 182
183
where ε + is the temperature-dependent equilibrium fractionation factor between liquid and vapor 184 water and is calculated as 185
186 with T l the leaf temperature in K (Bottinga and Craig, 1969 in Barbour, 2007) . ε + increases with 187 decreasing temperature and is around 8.8‰ at 30°C and around 11.5‰ at 0°C. ε k is the kinetic 188 fractionation factor for water vapor diffusion from the leaf to the atmosphere (32‰; Cappa et al., 189 2003) , Δ 18 O V describes the oxygen isotope enrichment of water vapor in the atmosphere above 190 source water, and e a /e i is the ratio of ambient to intercellular vapor pressures. This ratio is equal 191 to relative humidity when leaf and air temperatures are similar and e i is at saturation pressure. We 192 assume that leaf temperature is approximated by air temperature (see also Discussion). We use 193 this formulation in LPX-Bern for the comparison against published leaf water δ 18 O (West et al., 194 2008). 195 All other results were derived with the expanded model that includes a Péclet effect. The Péclet 196 number is defined as 197 
where δ 18 O SW refers to soil water δ 18 O. Stem cellulose isotopic composition is calculated as 213 Next, the CRU climate input data are briefly evaluated. For five tree-ring sites in Switzerland (see 238 section 2.5), we compared the CRU climate input data against relative humidity from 239 meteorological stations (Source MeteoSwiss) and homogenized air temperature and precipitation 240 data for Switzerland (Begert et al., 2005) . For the high-elevation site at Davos (DAV) 241 summertime (June-August, JJA) precipitation and relative humidity input data are slightly higher 242 than data from meteorological stations in the 1960s and 70s and similar thereafter. Air 243 temperatures for the corresponding pixel from the gridded CRU data set are around 4°C higher 244 than in the MeteoSwiss data at DAV, as the CRU data represent averages for a large area. The 245 CRU data for the sites LOV and LOT compare relatively well with the meteorological station 246 data, except for higher precipitation (both sites) and higher air temperature (site LOT). 247
A first-order correction is applied to the relative humidity data from ECHAM5-JSBACH to 248 account for the daily cycle. Leaf water 18 an additional series of experiments to evaluate the influence of a 3.5°C lower leaf than air 293 temperature (because the 1960-2012 mean measured temperature is 3.5°C lower than the CRU 294 temperature used in LPX-Bern), a temperature dependent biochemical fractionation as described 295 in Sternberg and Ellsworth (2011), 296 Five sites in Switzerland were chosen for a comparison of time series (Table S1) high latitudes to about 28‰ in the Middle East (Fig. 2, upper panel) . Thus, the simulated δ 18 O 359 values in leaf water at the grid-cell and climatological scale span a range of ~40‰. δ 18 O values in 360 leaf water result from the combination of soil water δ 18 O and evaporative enrichment. There are 361 also substantial regional differences in the evaporative enrichment of δ 18 O in leaf water mainly 362 due to large differences in air humidity, i.e. higher enrichment in arid regions than high latitude 363 regions (Fig. 3a ). These differences are much larger than the differences between annual mean 364 ring data (Table S1 in the Supplement). We recall that LPX-Bern is run with a resolution of 3.75° 404
x 2.5° which implies mismatches between local site conditions (altitude, climate, etc.) and grid-405 cell averages as used to force the model. Nevertheless, simulated stem cellulose δ 18 O agrees well 406 with measured tree ring data from 31 sites mainly located in European temperate and boreal 407 forests (circles in Fig. 3b, Fig. 4) . The model captures the observation-based range in δ 18 O for 408 these sites from about 26 to 32‰ and the correlation between model and tree ring data is r = 0.71 409 across all data points. In general the model tends to underestimate δ 18 O values of stem cellulose. 410
Modeled grid cell values at five Swiss sites, that will be used to explore temporal dynamics, also 411 show somewhat lower δ 18 O in stem cellulose (0-2‰) than the tree ring δ 18 O data suggest (Fig. 5) . 412
This holds for the alpine, high altitude sites at DAV ( Fig. 5a ) and in the Lötschen Valley (N19, 413 LOE, Fig. 5j ,k) as well as for the low-lying sites in the Swiss Central Plateau (LAEA, LAEB, 414 Fig. 5h,i) . The low bias is most strongly expressed at sites where the model is forced by very high 415 relative humidity (annual mean 1960-2012 weighted by NPP is >80%, Fig. 4 Fig. 4 ). Excluding this site and the very humid sites yields a 426 correlation coefficient of r = 0.65, which is not higher than for all sites. We conclude that LPX-427
Bern is able to represent the magnitude and the spatial climatological pattern of δ 18 O in stem 428 cellulose in Europe, generally within a few per mil of available observations. 429 430 This conclusion is further corroborated by comparing LPX-Bern results with δ 18 O data from two 431 Swiss sites (LOV, LOT) for which detailed δ 18 O data are available for soil water, needle water, 432 and stem wood (Table 1) , but for a single year only. Simulated enrichment of needle water above 433 soil water as well as simulated enrichment of stem cellulose above needle water is within the 434 observed range at the two sites (Table 1) . We note that this comparison is somewhat hampered by 435 the large variability in the weekly samples (e.g., for leaf water δ 18 O at LOV: 3.9-16.4‰ and at 436 LOT: -4.6-11.4‰) that LPX-Bern cannot reproduce because the model is driven by monthly data. 437 The simulated stem cellulose δ 18 O time series capture the measured evolution and inter-annual 446 variability (Fig. 5a,h-k) . Based on visual comparison, the correlation between simulated and 447 measured stem cellulose δ 18 O is best in the 60s and early 70s and is weaker thereafter. Model 448 values increase after 1990 probably due to higher temperature and soil water δ 18 O, which is not 449 recognized in the tree ring data. For the entire time series the correlations range between 0.48 and 450 0.73, with the highest value at LAEA in the Swiss central plateau (Fig. 5h ) and the lowest value 451 at the alpine site DAV (Fig. 5a) is different for different sites. Measurements at LAEA, N19, and LOE show a strong peak in δ 18 O 465 ( Fig. 5h,j,k) , DAV a small peak (Fig. 5a ), and site LAEB even lower values than during the 466 previous and following year (Fig. 5i) . Apparently, local differences in conditions or different 467 reactions of different tree species may mask the expected drought signal in stem cellulose δ 18 O. A 468 well-known phenomenon is that extreme conditions may not be captured because growth is 469 stopped and the signal therefore not recorded (Sarris et al. 2013) . (Fig. 5b,d,e ). In contrast, relative humidity and precipitation are 476 negatively correlated with cellulose δ 18 O (Fig. 5c,f) . The correlation is strongest with soil water 477 δ 18 O suggesting a high dependence of our results on the isotope input data. (Table 2) . Precipitation had no influence on 488 stem cellulose δ 18 O in the transient simulation (Fig. 6a) . In contrast, accounting for the Péclet 489 effect, resulted in consistently lower values with nearly no influence on inter-annual variation 490 ( Fig. 6b ). Atmospheric CO 2 had a very minor effect on cellulose δ 18 O (<0.04‰ except for a 491 single year with an effect of 0.18‰), while N deposition had no influence (Fig. 6b ). In years 492 when relative humidity and temperature had a positive effect, the combined effect of temperature, 493 precipitation, number of wet days and cloud cover (termed "clim effect" in Fig. 6a ) was often 494 large and also positive. In years when the influence of relative humidity and temperature had 495 opposing signs, the clim effect was around zero. The 20 th century trends in air temperature mostly 496 led to higher stem cellulose δ 18 O during the last five decades compared to the early 20 th century. 497
The clim effect leads to slightly higher decadal-averaged values in stem cellulose δ 18 O (+0-2‰) 498 towards the end of the simulation. However, these values are not unusual in the context of the 499 decadal variability simulated for the past five decades. 500
Sensitivities of cellulose δ 18 O to the input data are similar at all sites ( Fig. 6c-e ). Compared to 501 DAV, the magnitude of the decadal-scale trends induced by "climate" and soil water δ 18 O 502 changes are somewhat smaller at other sites though. Conversely, changes in relative humidity 503 have a stronger influence at LAEB and N19. At all sites, the prescribed changes in relative 504 humidity (i.e. keeping values at mean representative for the early 20 th century) cause on average 505 lower cellulose δ 18 O during the 1980s than compared to the end of the simulation. Decadal-scale 506 variability is also related to changes in soil water δ 18 O. In particular, soil water δ 18 O variations 507 caused an increase in stem cellulose δ 18 O of about 0.3 to 0.5 ‰ in the 1980s that persisted 508 thereafter (Fig. 6e) . A similar trend was simulated for "climate", but with more variability 509 between sites. At N19 the "climate" effect was always lowest and there was no clear trend. In implementation of the Craig-Gordon model. Since CRU air temperatures are on average 3.5°C 516 higher than measured temperatures for the Swiss site DAV (Fig. 7) , we did not want to further 517 increase them. Instead we tested the effect of reducing leaf temperature by 3.5°C compared to air 518 temperature, which improved the correlation of simulated and measured stem cellulose δ 18 O at 519 DAV and increased the simulated stem cellulose δ 18 O compared to the original simulation ( Fig. 8,  520 'Tleaf' vs. 'LPX-Bern standard simulation': 27.05‰ vs. 26.47‰ (average for 1960-2012)). 521
Similarly, accounting for a temperature dependent biochemical fractionation ('ewcT') led to 522 consistently higher cellulose δ 18 O (27.21‰) compared to the standard simulation, with a nearly 523 identical correlation coefficient compared to the 'Tleaf' simulation. When the temperature-524 dependent formulation for ε wc was combined with temperature forcing from a nearby 525 meteorological station ('ewcTmeteo'), stem cellulose δ 18 O increased further and was even slightly 526 higher than the measured data (28.47‰ vs. 28.02‰, average for 1960-2012). The correlation 527 remained equally good though compared to the simulation with a temperature dependent ε wc and 528 CRU climate. We also evaluated temporal mean stem cellulose across all (European) sites. 529
Compared to the original simulations (Fig. 4 ) the correlation between modeled and measured data 530 was slightly lower if ε wc was allowed to depend on temperature (r = 0.68 vs. r = 0.71, data not 531 shown). Since we know that the CRU temperatures are too low for some sites (e.g. Fig. 7 that the large scale climatological-mean pattern in stem cellulose δ 18 O is well captured by the 550 model (Fig. 4) . The high correlation between modeled time series and δ 18 O tree ring data from 551 five sites in Switzerland suggests that the inter-annual variability in stem cellulose δ 18 O is also 552 well represented by LPX-Bern (Fig. 5) . Thus, the formulations describing water uptake by plants 553 and transpiration, regulated by stomatal conductance and influenced by ambient CO 2 554 concentrations, and corresponding isotope fractionations appear consistent with tree ring δ 18 O 555 data. In an earlier study (Saurer et al., 2014) , it is shown that LPX-Bern is also able to represent 556 the spatial gradients in δ 13 C and the temporal change in δ 13 C and intrinsic water use efficiency 557 over the 20 th century as reconstructed from a European-wide tree ring network. The good 558 agreement with tree ring data suggests that LPX-Bern is suited to explore the δ 18 O signal transfer 559 within forest ecosystems and to study the relationship between δ 18 O in stem cellulose and 560 meteorological drivers in a mechanistic way, at least within European boreal and temperate 561 forests. This aspect may become particularly relevant in the context of global warming, with 562 more extreme conditions including heat waves and droughts expected. The model could be used 563 in future work in connection with tree ring data of growth, δ 13 C, and δ 18 O to study the nexus 564 between flows of water (governing evaporative cooling and runoff) and C as well as C 565 sequestration. In general, we expect any changes in seasonality that could potentially affect soil 566 water δ 18 O such as e.g. earlier snow melt to be translated to stem cellulose δ 18 O in LPX-Bern. 567
568
Inter-annual variability and decadal scale trends of modeled tree-ring δ 18 O in Switzerland are 569 predominantly driven by the meteorological variables relative humidity and temperature and the 570 variability in soil water and water vapor δ 18 O (Fig. 6 , Table 2 ). In contrast, N deposition or 571 increasing CO 2 leading to CO 2 fertilization within LPX-Bern do not influence trends and 572 variability in stem cellulose δ 18 O at the investigated sites. This is a novel finding that is important 573 for tree-ring δ 18 O interpretation, and contrasts with respective findings for δ 13 C, where CO 2 is an 574 important factor (Saurer et al. 2014) . A strong influence of relative humidity and soil water on 575 stem cellulose δ 18 O is consistent with expectations from isotope theory (McCarroll and Loader, 576 2004 ). This is also in agreement with many tree-ring studies that found a significant effect of 577 relative humidity (Burk and Stuiver, 1981) (Fig. 5b,d) , air 586 temperature and humidity (Fig. 5e,f) . This correlation likely arises from the impact of 587 precipitation on other variables, e.g. relative humidity, and from the correlation of precipitation 588 with other driving variables. There is clearly decadal variability in simulated stem cellulose δ 18 O 589 linked to variability in δ 18 O and climate input data, e.g. the effect of soil water δ 18 O varied around 590 zero in the 1960s and is consistently positive in the 1990s (Fig. 6e ).The identification of potential 591 century-scale trends is hampered by the lack of suitable input data for relative humidity and δ 18 O 592 of soil water and water vapor in this study. 593
There are several sources of uncertainty that may explain the remaining deviations between 594 simulated and measured stem cellulose δ 18 O for the Swiss and European sites. First, we run the 595 model at a coarse spatial resolution (about 220 km x 320 km in Southern Europe) and local site 596 conditions are expected to be different from grid cell average conditions. Climate input data and 597 prescribed δ 18 O in soil water and water vapor therefore only approximate local values at the site. 598
Sensitivity simulations (Table 2) (Fig. 2) . First, the δ 18 O input data and relative humidity forcings were not 639 the same. West and colleagues used annually-averaged δ 18 O from the GNIP precipitation 640 network, which obviously provides lower values than when summer δ 18 O would have been used. 641
The mechanistic approach implemented in LPX-Bern considers seasonally varying δ 18 O of both, 642 source water and atmospheric water vapor, and models explicitly daily stomatal conductance, 643 transpiration, and associated δ 18 O transport. Second, West et al. (2008) assumed that leaf 644 temperature is 5°C higher than air temperature. Observations support this for broad-leaved, but 645 less so for needle leaved species (Leuzinger and Körner, 2007) . Because sites with conifers 646 dominate our observational data set, it is reasonable to assume that leaf temperature equals air 647 temperature in our study. We only have few measurements to support this and more field data 648 would be needed for a meaningful evaluation of simulated leaf water δ 18 O. Nevertheless, the 649 
